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The capsids of mature retroviruses perform the
essential function of organizing the viral ge-
nome for efficient replication. These capsids
are modeled as fullerene structures composed
of closed hexameric arrays of the viral CA pro-
tein, but a high-resolution structure of the lattice
has remained elusive. A three-dimensional map
of two-dimensional crystals of the R18L mutant
of HIV-1 CA was derived by electron cryocrys-
tallography. The docking of high-resolution
domain structures into the map yielded the first
unambiguous model for full-length HIV-1 CA.
Three important protein-protein assembly inter-
faces are required for capsid formation. Each
CA hexamer is composed of an inner ring of
six N-terminal domains and an outer ring of
C-terminal domains that form dimeric linkers
connecting neighboring hexamers. Interactions
between the two domains of CA further stabilize
the hexamer and provide a structural explana-
tion for the mechanism of action of known
HIV-1 assembly inhibitors.
INTRODUCTION
During the late stages of their replication cycle, retrovi-
ruses assemble as ‘‘immature’’ virions composed of
2000–4000 copies of the virally encoded Gag polyprotein
(Briggs et al., 2004, 2006; Parker et al., 2001). Concomi-
tant with release from an infected cell, virions undergo
a process called ‘‘maturation,’’ during which Gag is pro-
teolytically cleaved into three major proteins: the MA pro-
tein remains associated with the viral membrane, the NC
protein recruits and packages the viral genome, and the
CA protein oligomerizes to form a closed ‘‘mature’’ capsid
that surrounds this NC/RNA complex (Go¨ttlinger, 2001;
Kra¨usslich, 1996). Cleavage of Gag and assembly of the
mature capsid are essential for infectivity.70 Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc.Mature retroviral capsids can be conical, spherical, or
cylindrical (Vogt, 1997). Despite this variation in capsid
morphology, it is now established that retroviral CA pro-
teins adopt the same tertiary structure, and that the differ-
ent capsid shapes arise from common design principles.
Retroviral CA proteins are composed of two indepen-
dently folded domains, the N-terminal domain (NTD) and
the C-terminal domain (CTD), connected by a flexible
linker (Berthet-Colominas et al., 1999; Campos-Olivas
et al., 2000; Cornilescu et al., 2000; Gamble et al., 1996,
1997; Gitti et al., 1996; Jin et al., 1999; Khorasanizadeh
et al., 1999; Kingston et al., 2000; Momany et al., 1996;
Mortuza et al., 2004; Tang et al., 2002; Worthylake et al.,
1999). Both domains of CA have predominantly a-helical
secondary structure: the HIV-1 CA NTD is shaped as an
arrowhead, with seven a helices (numbered 1–7) and an
amino-terminal b-hairpin (Berthet-Colominas et al., 1999;
Gamble et al., 1996; Gitti et al., 1996), while the CTD is
more globular, with a single-turn 310-helix and four short
a helices (numbered 8–11) (Berthet-Colominas et al.,
1999; Gamble et al., 1997; Worthylake et al., 1999). The
prevailing model is that all mature capsids are built on
hexameric lattices of CA and closed by incorporating 12
pentameric declinations. The relative distribution of the
declinations within the hexameric lattice defines the shape
of the capsid: tubular capsids are formed by introducing 6
pentamers at each end of a cylindrical tube, conical
capsids result from an asymmetric distribution of the
pentamers at the two ends of a conical assembly, and
‘‘spherical’’ capsids arise from a more even distribution
of the pentamers throughout the hexameric lattice (Ganser
et al., 1999; Ganser-Pornillos et al., 2004; Jin et al., 1999; Li
et al., 2000).
This general model is supported by extensive struc-
tural, biochemical, and genetic data. For example, low-
resolution EM studies of in vitro assemblies of CA,
such as cylinders and two-dimensional (2D) crystals, as
well as bona fide mature capsids have shown that retro-
viral CA proteins form a hexameric lattice, with the NTD
apparently forming the hexamers, and the CTD forming
dimeric linkers that connect neighboring hexamers
(Briggs et al., 2003; Li et al., 2000; Mayo et al., 2002,
2003). In addition, X-ray crystallographic studies of
truncated CA proteins have revealed an atomic reso-
lution model for the hexamer formed by the NTD of
N-tropic murine leukemia virus (Mortuza et al., 2004)
and several possible models for the CTD dimer (Gamble
et al., 1997; Ivanov et al., 2007; Jin et al., 1999; Ternois
et al., 2005; Worthylake et al., 1999). Finally, biochemical
and genetic experiments suggest the existence of NTD-
CTD interactions that are essential for capsid formation
(Bowzard et al., 2001; Ganser-Pornillos et al., 2004; Lan-
man et al., 2003, 2004). In spite of these substantial re-
sults, a high-resolution structure of full-length, hexameric
CA has never been visualized.
An alternative approach to derive a molecular model of
full-length CA is to determine a moderate resolution
structure by electron crystallography of 2D crystals and
dock NMR or X-ray crystal structures of the individual
domains. Here, we report the three-dimensional struc-
ture of hexameric arrays of full-length HIV-1 CA at 9 A˚
resolution using electron cryomicroscopy (cryoEM) and
image analysis. Docking the high-resolution structures
of the two HIV-1 CA domains into the cryoEM density
map enabled visualization of a pseudoatomic model of
full-length CA hexamers. The lattice parameters of the
2D crystals closely match the packing of CA in authentic
mature virions (Briggs et al., 2003; Yeager et al., 1998).
Therefore, we believe that these crystals recapitulate
the hexameric lattice of HIV-1 CA in mature infectious
particles.
RESULTS AND DISCUSSION
Assembly and Structure Determination
of Full-Length HIV-1 CA Hexamers
Wild-type full-length HIV-1 CA assembles in vitro into long
cylinders (Figure 1A) (Ehrlich et al., 1992). In contrast,
a single point mutation, R18A, shifts the in vitro assembly
phenotype into spheres, cones, and cylinders – the three
mature capsid shapes observed in retrovirions (Ganser-
Pornillos et al., 2004). We have examined other amino-
acid substitutions of Arg18 and discovered that replace-
ment with a large hydrophobic residue (i.e., Val, Ile, Leu,
Phe) generated CA proteins that assembled predomi-
nantly as spheres, as illustrated in Figure 1B for the mutant
R18L. Optimization of the assembly conditions yielded
cylinders, cones, and very large spheres up to 2.5 mm
in diameter. When applied to a continuous carbon EM
grid, these large spheres collapsed and flattened, and
behaved as well-ordered 2D crystals (Figure 1C), exhibit-
ing diffraction to beyond 10 A˚ resolution (Figure 1D). As
expected, optical diffraction analysis revealed two non-
overlapping hexagonal lattices arising from the top and
bottom layers of the flattened spheres (Figure 1D). Analy-
sis of low-dose images of frozen-hydrated crystals at
a series of tilt angles yielded a three-dimensional map of
full-length HIV-1 CA at 9.0 A˚ resolution parallel to the plane
of the flattened sphere and 20 A˚ perpendicular to it
(Figure 2A and Figure S1 in the Supplemental Data avail-
able with this article online; Table 1).Description of the CryoEM Map and Fitting
of the NTD and CTD
Full-length HIV-1 CA packs as a hexamer within the flat-
tened spheres (p6 plane group; a = b = 92.7 A˚) (Figure 2A,
Tables 1 and S1). The CA hexamers have an exterior diam-
eter of 90 A˚, and the protein shell is 60 A˚ thick. Given
the dimensions of the NTD (18 3 35 3 45 A˚) and CTD
(29 3 36 3 28 A˚), this is a surprisingly compact structure,
indicating that the two domains of CA are in close contact.
There are several well-resolved lobes of density within
each monomer, some of which appear rod-like and can
be interpreted as individual a helices (for example, see
Figures 3A and 4).
To generate an unbiased molecular model from the
experimental density map, we used a correlation-based
program to perform automated rigid-body fitting of or-
dered residues from high-resolution structures of the iso-
lated CA NTD (residues 1–148; pdb code 1gwp) and CTD
(residues 149–219; pdb code 1a43) (see Experimental
Procedures) (Chaco´n and Wriggers, 2002; Gitti et al.,
1996; Worthylake et al., 1999; Wriggers et al., 1999). As
shown in Figures 2–5, a pseudoatomic model based on
docking the high-resolution NTD and CTD structures
Figure 1. Assembly and Initial Characterization of the HIV-1
CA Hexameric Lattice
(A) Negative stain electron micrograph of recombinant wild-type HIV-1
CA assembled into long, hollow tubes in vitro. The scale bar represents
100 nm.
(B) Under the same conditions used in panel (A), R18L HIV-1 CA as-
sembles into small spheres.
(C) After optimizing the assembly conditions, R18L HIV-1 CA assem-
bles into large spheres, which behaved as 2D crystals when flattened
on continuous carbon EM grids.
(D) Fourier transform of an image of a flattened sphere preserved in vit-
reous ice, collected at 0 tilt (arrow points to a reflection at 9.8 A˚1). The
transform displays two superimposed hexameric lattices that arise
from the top and bottom layers of the flattened sphere.Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc. 71
Figure 2. Structure of the HIV-1 CA Hexamer
(A) Slab view of the experimental map (contoured at 1.5 s) and pseudoatomic model with the NTD in green and CTD in blue. The hexamer is outlined in
red, and thep6 unit cell is outlined inyellow. The six-, three-, and two-foldsymmetry axesare indicated by hexagons, triangles, and ellipses, respectively.
(B) Side view of the pseudoatomic monomer model of full-length CA, with the secondary structural elements labeled. The carboxy terminus of the NTD
and amino terminus of the CTD (4 A˚ apart) are indicated by yellow asterisks.
(C) Top view of one hexamer, colored as in (A). For clarity, one monomer is outlined in white.
(D) Top view of one hexamer with each CA monomer colored differently.
(E and F) Mapping of alanine scanning mutagenesis data of HIV-1 CA onto the pseudoatomic model. Shown are a top view in (E) and slabbed side view in
(F) ofonehexamer, plusCTDs from adjacenthexamers.Mutations thatdid notaffect assembly in vitro areshown in greenor blue, matching their locations
in the NTDor CTD, respectively. Mutations thatdiminished or abolishedassembly arecolored based on theirpositions relative to the three protein-protein
interfaces: NTD-NTD (orange), CTD-CTD (yellow), and NTD-CTD (red). Arg18, which was mutated to leucine for this study, is colored magenta.72 Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc.
showed excellent correspondence with the experimental
density. We did not observe density corresponding to
the last 12 residues of CA, which are typically disordered
in X-ray structures of the CTD. The cyclophilin A-binding
loop, between helices 4 and 5 in the NTD, is also not re-
solved in our map, consistent with the observation that
this loop is not required for CA assembly in vitro
(Ganser-Pornillos et al., 2004).
A top view of the pseudoatomic model corresponds to
a view of the outer surface of the capsid (Figure 2A) and
Table 1. Statistics of Electron Crystallographic Image
Analysis
2D Parameters
Two-sided plane group p6
Unit cell parameters a = b = 92.7 A˚,
g = 120 c = 110 A˚
(arbitrary)
3D Reconstruction Parameters
Number of images 43
Range of defocus (mm) 0.4–1.5
IQ cut-off of data 6
Maximum tilt () 40.3
Number of observed amplitudes
and phases
2765
Number of unique reflections 209
Percent completeness at 9.0 A˚ to
40 tilt angle
64
In-plane resolution cut-off (A˚) 9.0
Estimated resolution normal to the
flattened sphere (A˚)
20a
Overall phase residual () 36.4
Overall weighted phase residual () 23.7
a Derived from the point-spread function.shows that six CA molecules associate laterally to form
the hexameric unit, with the NTDs (colored green) close
to the surface. The CTDs (colored blue) are located adja-
cent to and beneath the NTDs (Figure 2F), and form homo-
dimers that connect neighboring hexamers. Although the
NTDs and CTDs were fitted separately as individual do-
mains, the pseudoatomic model clearly defines the full-
length CA monomer because the carboxy terminus of
each NTD is located immediately adjacent to the amino
terminus of a neighboring CTD (indicated by asterisks in
Figures 2B–2D). Interestingly, the intramolecular contacts
between the two domains of one CA monomer appear to
be fairly minimal. Instead, the NTD and CTD participate in
extensive intermolecular contacts, which undoubtedly
stabilize the hexameric lattice (Figure 2D).
The NTD-NTD Hexamerization Interface
Consistent with previous EM studies at 20–30 A˚ resolution
(Li et al., 2000; Mayo et al., 2002), the NTD of HIV-1 CA
forms the inner ring of the hexamers (Figures 2A–2C).
NTD-NTD interactions are mediated through helices 1, 2,
and 3, which associate as an 18-helix bundle in the center
of the hexamer (Figure 3B). This arrangement provides
a molecular understanding of mutagenesis and biochem-
ical experiments showing that alanine substitutions of
surface-exposed residues in helices 1 and 2 disrupt HIV-1
CA assembly in vitro and in vivo (orange spheres in Figures
2E and 2F) (Ganser-Pornillos et al., 2004; von Schwedler
et al., 2003) and that amide protons in helices 1, 2, and 3
are protected from deuterium exchange upon assembly
in vitro (Lanman et al., 2003). Interestingly, the ribbon
model of the NTD structure deviates somewhat from the
boundary of the experimental density, particularly for heli-
ces 4, 5, and 7 (Figure 3A). These deviations may indicate
the occurrence of assembly-induced conformational
changes, although they may equally be artifacts due to
the limited z-resolution of the cryoEM map.
The amino terminal b-hairpin, which forms in the context
of the mature CA protein, is ordered in our structureFigure 3. The NTD-NTD Hexamerization Interface Is Mediated by an 18-Helix Bundle Formed by Helices 1, 2, and 3
(A) Stereo side view of the fitting of an isolated NTD. Notice that helices 4, 5, and 7 deviate from the density boundaries. All NTD helices are accounted
for in the cryoEM map.
(B) Superposition of the hexamers formed by the HIV-1 CA NTD (green) and isolated N-MLV CA NTD (red). For clarity, the view is slabbed to empha-
size the highly conserved helices (labeled in one monomer).Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc. 73
Figure 4. The CTD-CTD Interface Is Mediated by Parallel Association of Helix 9
(A) Top view (middle panel) and side view (right panel) of the pseudoatomic CTD-CTD dimerization interface, created by fitting 1a43 as a monomer.
The experimental density is contoured at 1.5 s. The crossing angle of the helix-9 pair is shown in the left panel. M185, which is located in the middle of
helix 9, is shown as yellow spheres for reference. Note that all CTD helices, including the single-turn 310 helix, are accounted for in the cryoEM map.
(B) Same as in (A), except that the 1a43 structure was fitted as a dimeric unit. Conformational changes in the CTD are apparent in comparing the fits of
the two monomers and the dimer, shown in (A) and (B), respectively.
(C and D) Helix 9 crossing angles (left panels) from two other HIV-1 CA CTD structures (2buo and 1a8o, respectively). No meaningful solutions were
obtained when these structures were fitted as dimeric units. Illustrated are top views (right panels) of manual fits, wherein only one monomer was
matched to the density.(colored yellow in Figure 3A). Biochemical and genetic
experiments of this region of CA have been puzzling: al-
though the b-hairpin forms after Gag proteolysis and is
essential for infectivity, CA proteins missing the entire hair-
pin can still assemble into cylinders in vitro (Tang et al.,
2002; Gross et al., 1998, 2000; von Schwedler et al.,
1998). It has been suggested that the six b-hairpins might
form extended interactions within the mature CA hexamer
(Mortuza et al., 2004), but the map shows that the individ-
ual strands are too far separated to form a b-barrel type
structure (Figures 2C and 2D). It is therefore more likely
that the b-hairpin stabilizes assembly-competent confor-
mations of important residues in helix 1 and 2, and/or
that b-hairpin formation disrupts interactions that stabilize
the immature lattice, as suggested previously (Kelly et al.,
2006; Mortuza et al., 2004; Tang et al., 2002).
The limited resolution of our map precludes a precise
description of side chain conformations. Nevertheless,
the pseudoatomic model defines a local probability sphere
wherein each individual residue is most likely located.
Thus, we can make some informed guesses as to the po-
sitions of these side chains and their possible interactions.
For example, Arg18, which was mutated to leucine for this
study, is located at an annulus, where helices 1 from the six
NTDs are at their closest approach. It appears that the
guanidinium sidechain of Arg18 is well placed to form
annular interactions (colored magenta in Figures 2E and
2F), which may explain the dramatic effects on the mor-
phology of in vitro assembled particles when this residue
is mutated (Ganser-Pornillos et al., 2004).
The HIV-1 CA NTD hexamer is essentially identical to
the hexamer formed by the NTD of N-tropic murine leuke-74 Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc.mia virus CA that was crystallized without its CTD
(Figure 3B) (Mortuza et al., 2004). Note that there is no de-
tectable primary sequence homology between these two
retroviral CA proteins, which also form capsids of different
shapes (HIV-1 is conical and N-MLV is spherical). This re-
sult establishes that the CA hexamer is conserved across
at least two widely divergent, and likely all, retroviruses.
Importantly, the unit cell spacing of both the HIV-1 and
N-MLV NTD hexamers (92.7 A˚) corresponds to the CA
spacings measured in EM studies of mature virions (90–
110 A˚) (Briggs et al., 2003; Yeager et al., 1998), supporting
the idea that these crystals represent the hexameric lattice
in mature capsids. Interestingly, low-resolution EM stud-
ies further indicate that CA also forms hexamers in the im-
mature retroviral capsid, i.e., as a domain of the viral Gag
polyprotein. These hexamers appear smaller, with a spac-
ing of 80 A˚, and may therefore have a different packing
arrangement (Briggs et al., 2004, 2006; Yeager et al., 1998).
The CTD-CTD Dimerization Interface
HIV-1 CA forms soluble dimers (Gamble et al., 1997; Rose´
et al., 1992; von Schwedler et al., 1998). Dimer formation
in solution is mediated solely through the CTD, and bio-
chemical and structural studies have mapped the dimer-
ization interface primarily to helix 9 (Gamble et al., 1997).
Notably, alanine substitutions of W184 and M185, located
in the middle of helix 9, diminish dimerization in vitro and
infectivity in vivo (shown as yellow spheres in Figures
2E, 2F, 4A, and 4B) (Gamble et al., 1997; von Schwedler
et al., 1998, 2003). This interface is therefore required for
efficient assembly of both mature and immature capsids.
Note that HIV-1 CA is the only retroviral CA protein to form
Figure 5. The NTD-CTD Intermolecular
Interface Is Formed by Insertion of the
NTD Helix 4 into a Groove in the CTD
(A) Stereo view of the NTD-CTD interface. The
experimental density is contoured at 1.8 s.
Note that the NTD-CTD interface is physically
linked to the CTD-CTD dimerization interface
by helix 9, which may provide a structural basis
for cooperativity.
(B) Identical stereo view showing the positions
of K70 and K182 (red spheres), which can be
crosslinked in vitro in assembled tubes of
wild-type HIV-1 CA. The cyan helix represents
the position occupied by the peptide CA-I in
2buo, the cocrystal structure with the isolated
CTD.
(C) Identical stereo view in surface representa-
tion. The pseudoatomic model shows appar-
ent steric clashes between the NTD and CTD,
indicated by red asterisks. We presume that
conformational adjustments must occur in
these regions to optimize residue packing.dimers in solution, among the several that have been char-
acterized in detail. Therefore, a measurable dimerization
affinity in solution is not critical for assembly; nevertheless,
we expect that all retroviral CA CTDs use the same helix
9 interface for capsid lattice assembly.
To date, five X-ray crystal structures of wild-type HIV-1
CA CTD have been reported, which in the aggregate sug-
gest four possible configurations of the CTD dimer
(Berthet-Colominas et al., 1999; Gamble et al., 1997; Iva-
nov et al., 2007; Ternois et al., 2005; Worthylake et al.,
1999). Three of these dimers form via parallel pair-wise
packing of helix 9 from each monomer, but the crossing
angles of helix 9 are different in each structure (Figures
4B–4D, left panels). Each two-fold axis in the cryoEM
map is surrounded by symmetry-related helical densities
that are almost parallel. This most closely matches the he-
lix 9 packing geometry in 1a43, the X-ray structure of the
apo CA146-231 dimer (Gamble et al., 1997; Worthylake
et al., 1999), and indeed, 1a43 is the only structure that
can be fitted reasonably as a dimeric unit into our map
(Figure 4B). Automated rigid-body fitting of the two otherCTD dimers (1a8o and 2buo) failed to provide meaningful
solutions (not shown). Figures 4C and 4D illustrate the
results of manual fitting of the 1a8o and 2buo dimers,
respectively, wherein one monomer was matched to the
cryoEM density: there is a clear mismatch with the second
monomer. The density match for the fitted 1a43 dimer was
still not optimal, however (Figure 4B), and the best fit was
obtained by fitting the CTD as a monomeric unit (Fig-
ure 4A). These observations indicate that there may be
conformational changes in the CTD dimer during assem-
bly. For example, a minor adjustment in the dimer packing
geometry appears to occur, in comparing the 2D lattice
(Figure 4A) and 3D crystal (Figure 4B). We speculate that
this may involve sliding or twisting motions of the helix 9
pairs across the dyad, although the atomic details of
such small movements cannot be visualized at the current
resolution. Additionally, changes in the tertiary structure
of the CTD itself appear required to accommodate binding
of the NTD, through an intermolecular NTD-CTD interface
that was not resolved in previous low-resolution EM struc-
tures of full-length CA hexamers (see below).Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc. 75
As described in a recent report, an HIV-1 CA CTD con-
struct containing a single amino-acid deletion forms a
‘‘domain-swapped’’ dimer (Ivanov et al., 2007). This dimer
was proposed to be an assembly intermediate in the for-
mation of the immature Gag lattice, but a role in mature
CA capsid assembly could not be ruled out. The domain-
swapped CTD structure (pdb code: 2ont) has a distinct
packing geometry and could not be fitted as a dimeric
unit into our cryoEM density map (not shown). Additionally,
a second distinguishing feature of the domain-swapped
dimer is the absence of a kink in helix 9 (Ivanov et al.,
2007). This kink is clearly present in our cryoEM map
and in all previous X-ray structures of the CTD (Figure S2).
These observations suggest that a domain-swapped CTD
dimer may not be present in the assembled hexameric
lattice of mature HIV-1 CA.
The NTD-CTD Interface
The existence of an NTD-CTD interaction was originally
inferred from studies of Rous sarcoma virus CA, which
showed that an assembly incompetent CTD mutant
(R170Q, helix 9) could be partially rescued by an additional
mutation in the NTD (P65Q, helix 4) (Bowzard et al., 2001).
Chemical crosslinking experiments in HIV-1 CA cylinders
also revealed that K182 (helix 9, CTD) is in close proximity
to K70 (helix 4, NTD), further supporting this idea and sug-
gesting that the interface is conserved (see Figure 5B)
(Lanman et al., 2003). Importantly, the crosslinking exper-
iments suggested that the interaction is intermolecular
and not between the NTD and CTD of the same CA mole-
cule. In an elegant series of experiments, Lanman, et al.
(2003, 2004) used a deuterium exchange protection assay
to establish that the NTD-CTD interaction occurs both
in vitro and in vivo. The interaction surfaces were mapped
to helix 4 in the NTD and helices 8 and 9 in the CTD.
Our structure now reveals that in forming the mature
lattice, the amino-terminal end of helix 4 of the NTD inserts
into a groove in the CTD (Figure 5). The pseudoatomic
model identifies potential contacts between helix 4 and
helices 8 and 9 on one side of the groove, and the loop
connecting helices 10 and 11 on the other (Figures 5B
and 5C). To accommodate helix 4, some rearrangements
in the above regions must occur, presumably by an in-
duced fit mechanism. This is evident from apparent steric
clashes between the NTD and CTD (Figure 5C), which
were not adjusted during rigid-body fitting of the two do-
mains. The pseudoatomic model also places portions of
helices 8 and 11 in close proximity to helix 7 and the
loop between helices 3 and 4 at the ‘‘bottom’’ of the
NTD, suggesting that the NTD-CTD interface may extend
to this region. The interactions between neighboring CA
molecules in the hexameric lattice are therefore more
extensive than originally inferred from low-resolution
models.
Therapeutic Implications
The discovery of two inhibitors that appeared to target
the NTD-CTD interface underscores its importance in76 Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc.the formation of the mature CA lattice. One inhibitor,
called CA-I, is a 12-residue peptide that was discovered
by Kra¨usslich and colleagues through phage display
methods. CA-I abrogates both mature and immature
capsid assembly in vitro (Sticht et al., 2005). An X-ray
crystal structure of CA-I in complex with the isolated
HIV-1 CA CTD (2buo) revealed that the peptide binds be-
tween helices 8, 9, and 11, and the authors proposed
a competitive mode of action in mature capsid assembly
(Ternois et al., 2005). Indeed, superposition of 2buo with
our pseudoatomic model shows that CA-I binds in the
same groove occupied by helix 4 (cyan helix in
Figure 5B). A second inhibitor, called CAP-1, is a small
molecule that has been shown to inhibit CA assembly
in vitro and HIV-1 replication in tissue culture (Tang
et al., 2003). Although CAP-1 was originally identified as
a possible inhibitor of b-hairpin formation at the ‘‘top’’
of the NTD, subsequent NMR chemical shift footprinting
studies suggested that instead, it binds at the ‘‘bottom’’
of the NTD. Residues that appear to form part of the
NTD-CTD interface are among those that exhibited the
greatest chemical shift changes (Tang et al., 2003). Taken
together, these studies indicate that both CA-I and CAP-1
inhibit mature CA assembly by disrupting the comple-
mentary surfaces that form the NTD-CTD interface, and
importantly, show that the HIV-1 CA lattice is a legitimate
therapeutic target.
Implications for Capsid Formation
As noted above, the lattice spacing of the CA hexamers in
the 2D crystals match the paracrystalline lattice in mature
HIV-1 virions (Briggs et al., 2003; Yeager et al., 1998). Be-
cause our structure was solved from large, flattened
spheres of HIV-1 CA, the 2D lattice would recapitulate
the mature capsid lattice at its planar limit. Indeed, flat
faces are apparent in EM images of natural HIV-1 capsids,
particularly at the broad end of the cone (Accola et al.,
2000; Kotov et al., 1999; Welker et al., 2000). However, it
is clear that a fullerene cone capped on both ends exhibits
a predominantly curved surface, and that therefore, the
hexameric lattice must be inherently flexible. Cone models
indicate that there are two distinct types of curvature
within the conical HIV-1 capsid. One type exists around
the 12 pentameric declinations required to close the
cone. In these regions, there must be local five-fold sym-
metry, which the current structure does not readily ex-
plain. The second type of curvature is found in the conical
body of the capsid. In these regions, the direction and
degree of curvature changes continuously along the hex-
americ lattice. Low-resolution studies of CA tubes of dif-
ferent diameters and pitch indicate that the hexamers
are preserved across these distinct tubes (Li et al.,
2000), suggesting that their differing curvatures are ac-
commodated, not by large global changes, but by more
subtle local changes in protein tertiary and/or quaternary
structure.
On the basis of the packing interactions in our pseu-
doatomic model of full-length HIV-1 CA and X-ray crystal
structures of the individual domains, we envision two
possible mechanisms for inducing curvature within the
hexameric lattice. In the first mechanism, each CA hex-
amer could act as a rigid structural unit, and lattice flexi-
bility would be achieved primarily through alternative
packing of the CTD-CTD interaction surfaces. This sug-
gestion arises from the crystallographic observation
that CTD dimers, although formed from the same inter-
face, can have different packing geometries (Figure 4).
For example, it is possible that graduated rotations
about this interface could produce the systematic, subtle
changes in curvature required to produce the conical
body of the capsid. Precedence for this idea comes
from recent structural studies of the capsid protein of
cowpea chlorotic mottle virus, which demonstrate that
small changes in the packing angle of two monomers
about a dimer interface (range of rotation from 38 to
45) allowed the same protein to form two different types
of closed capsids (T = 1 and T = 3 particles), as well as
spirals (Tang et al., 2006). In the second mechanism, lat-
tice flexibility could be achieved by changes in the CA
tertiary structure. This would have the effect of ‘‘warp-
ing’’ the hexamer, allowing formation of a curved lattice
while keeping the interaction interfaces fixed. Finally,
we note that the two proposed mechanisms are not mu-
tually exclusive, and one can invoke a scenario wherein
a combination of both hexamer warping and dimer inter-
face rotations may produce different degrees of lattice
curvature.
The large range of curvatures available to the assem-
bling CA lattice should, in theory, lead to high error rates
and one would expect large percentages of aborted or
spiralled structures that fail to close. Nevertheless, HIV-1
CA does form what appear to be closed (or very nearly
closed) structures in vitro and in vivo with high frequency.
For example, we found that almost all the small spheres
formed by the R18L mutant appeared closed, despite
ranging in size from 20–100 nm in diameter (i.e., each
sphere has a different degree of curvature) (Figure 1B).
In this regard, it should be noted that the in vitro studies
also demonstrate that formation of a closed protein shell
is intrinsic to CA, and does not require the presence of
chaperones or additional factors. These observations
suggest an unprecedented level of cooperativity during
CA assembly, which is not easily explained by available
models. Further studies are required to clarify the molec-
ular details of this cooperativity and how the conical
HIV-1 capsid is fashioned from the underlying hexameric
framework described here.
EXPERIMENTAL PROCEDURES
Protein Preparation and Assembly
The R18L mutation was incorporated into the previously reported wild-
type HIV-1 CA expression vector using standard cloning techniques.
HIV-1 CA proteins were expressed and purified as previously
described, concentrated to at least 70 mg/ml, flash frozen in liquid
nitrogen, and stored at 70C (Ganser-Pornillos et al., 2004). To pro-
duce the large, flattened spheres, the R18L mutant was diluted to32 mg/ml in assembly buffer containing 17.5% (w/v) PEG 20,000,
50 mM sodium cacodylate (pH 6.5), and 100 mM calcium acetate,
and incubated at 37 for 1 hr.
Electron Cryomicroscopy and Image Analysis
For EM analyses, a freshly prepared carbon-coated molybdenum grid
was placed on 8 ml of the crystallization solution for 90 s. The grid was
then washed with several drops of 0.1 M KCl, blotted to near dryness,
and plunged into a slurry of liquid ethane. The grids were transferred
under liquid nitrogen to a Tecnai F20 electron cryomicroscope (Philips/
FEI) operating at 120 kV. Images of crystals were recorded on Kodak
SO-163 film using either the standard low-dose package or the auto-
mated Leginon software package (Suloway et al., 2005). Optical dif-
fraction was used to select the best images of crystals with minimal
drift and astigmatism. The negatives were digitized using a Zeiss
SCAI densitometer at a step size of 7 mm and cropped to a size of
40003 4000 or 60003 6000 pixels with Adobe Photoshop. Image files
were then converted to the MRC format, and Fourier transforms were
calculated. The crystals were indexed manually using XIMDISP, and
corrections for lattice distortions and effects due to the contrast trans-
fer function were performed using the MRC program suite (Amos et al.,
1982; Crowther et al., 1996; Henderson et al., 1986, 1990). Image data
were merged as follows: First, the program ALLSPACE was used to
determine the 2D plane group symmetry (Table S1) and calculate the
appropriate phase origins used for image alignment (Valpuesta et al.,
1994). The best (i.e., highest resolution) image recorded from an
untilted sample was used as a reference to determine the phase origin
of the remaining images. Special care was taken to determine the cor-
rect tilt geometry for images of tilted crystals. Lattice lines were then
fitted to the 3D data, and an initial map was created using the CCP4
suite of programs. The phase origins and tilt geometries of each crystal
were then refined against this initial model. Iterative refinements
against subsequent models were continued until no further improve-
ment in the overall phase residuals were observed. After obtaining
the most self-consistent set of image parameters, the data set was
again remerged and averaged, lattice lines were fitted and a final
model was created. Data statistics are presented in Table 1, and
a graphical representation of data quality is shown in Figure S1 (Cheng
and Yeager, 2004).
Rigid Body Fitting
The NMR structure of the NTD (pdb code 1gwp; http://www.rcsb.
org) was initially fitted into a map covering 4 unit cells (equivalent
to 4 hexamers or 24 monomers) using the program COLORES (stan-
dard parameters) with the target resolution set to 9.0 A˚ (Chaco´n and
Wriggers, 2002; Wriggers et al., 1999) (http://situs.biomachina.org).
The program readily identified 24 unique, non-overlapping positions
for the NTD. X-ray crystal structures of the CTD (1a43, 2buo, and
1a8o) were next fitted into the map as dimers. Only 1a43 yielded
meaningful solutions. To fit the CTD as a monomer, a map was first
created by subtracting out the NTD densities. Using this map, all
three search models yielded the same 24 unique, non-overlapping
solutions. The fits were then optimized to the full map, using the
program COLACOR (Chaco´n and Wriggers, 2002; Wriggers et al.,
1999). Note that our initial fitting was performed on a map with an
applied B-factor of 500. For clarity, the final figures were made
from a map with an applied B-factor of 1000. The automated fitting
of both maps was identical (data not shown). The final pseudoatomic
model for the HIV-1 CA monomer and hexamer was generated from
the monomer fits of 1gwp (residues 1–148) and 1a43 (residues 149–
219).
Figures
Structural representations were created using Pymol (Delano
Scientific, Inc.).Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc. 77
Supplemental Data
Supplemental Data include two figures and one table and can be found
with this article online at http://www.cell.com/cgi/content/full/131/1/
70/DC1/.
ACKNOWLEDGMENTS
We thank W. I. Sundquist, K. Baker, and K. Dryden for discussions and
critical reading of the manuscript; K. Altieri, F. Dawood, and Y. Hua for
excellent technical assistance; and J. Quispe for help with the Leginon
software package. Some of the electron microscopy experiments
were conducted at the National Resource for Automated Molecular
Microscopy (NRAMM), which is supported by the NIH through the
National Center for Research Resources’ P41 program (RR17573).
This work was supported by the NIH through Immunology Training
Grant T32-AI07244 (B.G.-P.) and R01 Grant GM066087 (M.Y.). B.G.-P.
is a postdoctoral fellow of the George W. Hewitt Foundation for
Medical Research.
Received: May 15, 2007
Revised: July 19, 2007
Accepted: August 15, 2007
Published: October 4, 2007
REFERENCES
Accola, M.A., O¨hagen, A˚., and Go¨ttlinger, H.G. (2000). Isolation of
human immunodeficiency virus type 1 cores: retention of Vpr in the
absence of p6gag. J. Virol. 74, 6198–6202.
Amos, L.A., Henderson, R., and Unwin, P.N. (1982). Three-dimensional
structure determination by electron microscopy of two-dimensional
crystals. Prog. Biophys. Mol. Biol. 39, 183–231.
Berthet-Colominas, C., Monaco, S., Novelli, A., Sibaı¨, G., Mallet, F.,
and Cusack, S. (1999). Head-to-tail dimers and interdomain flexibility
revealed by the crystal structure of HIV-1 capsid protein (p24) com-
plexed with a monoclonal antibody Fab. EMBO J. 18, 1124–1136.
Bowzard, J.B., Wills, J.W., and Craven, R.C. (2001). Second-site sup-
pressors of Rous sarcoma virus CA mutations: evidence for interdo-
main interactions. J. Virol. 75, 6850–6856.
Briggs, J.A.G., Johnson, M.C., Simon, M.N., Fuller, S.D., and Vogt,
V.M. (2006). Cryo-electron microscopy reveals conserved and diver-
gent features of Gag packing in immature particles of Rous sarcoma
virus and human immunodeficiency virus. J. Mol. Biol. 355, 157–168.
Briggs, J.A.G., Simon, M.N., Gross, I., Krausslich, H.G., Fuller, S.D.,
Vogt, V.M., and Johnson, M.C. (2004). The stoichiometry of Gag pro-
tein in HIV-1. Nat. Struct. Mol. Biol. 11, 672–675.
Briggs, J.A.G., Wilk, T., Welker, R., Krausslich, H.G., and Fuller, S.D.
(2003). Structural organization of authentic, mature HIV-1 virions and
cores. EMBO J. 22, 1707–1715.
Campos-Olivas, R., Newman, J.L., and Summers, M.F. (2000). Solu-
tion structure and dynamics of the Rous sarcoma virus capsid protein
and comparison with capsid proteins of other retroviruses. J. Mol. Biol.
296, 633–649.
Chaco´n, P., and Wriggers, W. (2002). Multi-resolution contour-based
fitting of macromolecular structures. J. Mol. Biol. 317, 375–384.
Cheng, A., and Yeager, M. (2004). A graphical representation of image
quality for three-dimensional structure analysis of two-dimensional
crystals. Acta Crystallogr. A 60, 351–354.
Cornilescu, C.C., Bouamr, F., Yao, X., Carter, C., and Tjandra, N.
(2000). Structural analysis of the N-terminal domain of the human
T-cell leukemia virus capsid protein. J. Mol. Biol. 306, 783–797.
Crowther, R.A., Henderson, R., and Smith, J.M. (1996). MRC image
processing programs. J. Struct. Biol. 116, 9–16.78 Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc.Ehrlich, L.S., Agresta, B.E., and Carter, C.A. (1992). Assembly of
recombinant human immunodeficiency virus type 1 capsid protein
in vitro. J. Virol. 66, 4874–4883.
Gamble, T.R., Vajdos, F.F., Yoo, S., Worthylake, D.K., Houseweart, M.,
Sundquist, W.I., and Hill, C.P. (1996). Crystal structure of human cyclo-
philin A bound to the amino-terminal domain of HIV-1 capsid. Cell 87,
1285–1294.
Gamble, T.R., Yoo, S., Vajdos, F.F., von Schwedler, U.K., Worthylake,
D.K., Wang, H., McCutcheon, J.P., Sundquist, W.I., and Hill, C.P.
(1997). Structure of the carboxyl-terminal dimerization domain of the
HIV-1 capsid protein. Science 278, 849–853.
Ganser, B.K., Li, S., Klishko, V.Y., Finch, J.T., and Sundquist, W.I.
(1999). Assembly and analysis of conical models for the HIV-1 core.
Science 283, 80–83.
Ganser-Pornillos, B.K., von Schwedler, U.K., Stray, K.M., Aiken, C.,
and Sundquist, W.I. (2004). Assembly properties of the human immu-
nodeficiency virus type 1 CA protein. J. Virol. 78, 2545–2552.
Gitti, R.K., Lee, B.M., Walker, J., Summers, M.F., Yoo, S., and Sund-
quist, W.I. (1996). Structure of the amino-terminal core domain of the
HIV-1 capsid protein. Science 273, 231–235.
Go¨ttlinger, H.G. (2001). The HIV-1 assembly machine. AIDS 15 (Suppl
5), S13–S20.
Gross, I., Hohenberg, H., Huckhagel, C., and Kra¨usslich, H.-G. (1998).
N-Terminal extension of human immunodeficiency virus capsid protein
converts the in vitro assembly phenotype from tubular to spherical par-
ticles. J. Virol. 72, 4798–4810.
Gross, I., Hohenberg, H., Wilk, T., Wiegers, K., Gra¨ttinger, M., Mu¨ller,
B., Fuller, S., and Kra¨usslich, H.-G. (2000). A conformational switch
controlling HIV-1 morphogenesis. EMBO J. 19, 103–113.
Henderson, R., Baldwin, J.M., Ceska, T.A., Zemlin, F., Beckmann, E.,
and Downing, K.H. (1990). Model for the structure of bacteriorhodop-
sin based on high-resolution electron cryo-microscopy. J. Mol. Biol.
213, 899–929.
Henderson, R., Baldwin, J.M., Downing, K.H., Lepault, J., and Zemlin,
F. (1986). Structure of purple membrane from Halobacerium halobium:
Recording, measurement and evaluation of electron micrographs at
3.5 A˚ resolution. Ultramicroscopy 19, 147–178.
Ivanov, D., Tsodikov, O.V., Kasanov, J., Ellenberger, T., Wagner, G.,
and Collins, T. (2007). Domain-swapped dimerization of the HIV-1
capsid C-terminal domain. Proc. Natl. Acad. Sci. USA 104, 4353–4358.
Jin, Z., Jin, L., Peterson, D.L., and Lawson, C.L. (1999). Model for len-
tivirus capsid core assembly based on crystal dimers of EIAV p26.
J. Mol. Biol. 286, 83–93.
Kelly, B.N., Howard, B.R., Wang, H., Robinson, H., Sundquist, W.I.,
and Hill, C.P. (2006). Implications for viral capsid assembly from crys-




Khorasanizadeh, S., Campos-Olivas, R., and Summers, M.F. (1999).
Solution structure of the capsid protein from the human T-cell leukemia
virus type-I. J. Mol. Biol. 291, 491–505.
Kingston, R.L., Fitzon-Ostendorp, T., Eisenmesser, E.Z., Schatz, G.W.,
Vogt, V.M., Post, C.B., and Rossmann, M.G. (2000). Structure and self-
association of the Rous sarcoma virus capsid protein. Structure 8,
617–628.
Kotov, A., Zhou, J., Flicker, P., and Aiken, C. (1999). Association of Nef
with the human immunodeficiency virus type 1 core. J. Virol. 73, 8824–
8830.
Kra¨usslich, H.-G., ed. (1996). Morphogenesis and Maturation of Retro-
viruses (New York: Springer).
Lanman, J., Lam, T.T., Barnes, S., Sakalian, M., Emmett, M.R.,
Marshall, A.G., and Prevelige, P.E., Jr. (2003). Identification of novel
interactions in HIV-1 capsid protein assembly by high-resolution
mass spectrometry. J. Mol. Biol. 325, 759–772.
Lanman, J., Lam, T.T., Emmett, M.R., Marshall, A.G., Sakalian, M., and
Prevelige, P.E., Jr. (2004). Key interactions in HIV-1 maturation identi-
fied by hydrogen-deuterium exchange. Nat. Struct. Mol. Biol. 11, 676–
677.
Li, S., Hill, C.P., Sundquist, W.I., and Finch, J.T. (2000). Image recon-
structions of helical assemblies of the HIV-1 CA protein. Nature 407,
409–413.
Mayo, K., Huseby, D., McDermott, J., Arvidson, B., Finlay, L., and Bar-
klis, E. (2003). Retrovirus capsid protein assembly arrangements.
J. Mol. Biol. 325, 225–237.
Mayo, K., Vana, M.L., McDermott, J., Huseby, D., Leis, J., and Barklis,
E. (2002). Analysis of Rous sarcoma virus capsid protein variants as-
sembled on lipid monolayers. J. Mol. Biol. 316, 667–678.
Momany, C., Kovari, L.C., Prongay, A.J., Keller, W., Gitti, R.K., Lee,
B.M., Gorbalenya, A.E., Tong, L., McClure, J., Ehrlich, L.S., et al.
(1996). Crystal structure of dimeric HIV-1 capsid protein. Nat. Struct.
Biol. 3, 763–770.
Mortuza, G.B., Haire, L.F., Stevens, A., Smerdon, S.J., Stoye, J.P., and
Taylor, I.A. (2004). High-resolution structure of a retroviral capsid hex-
americ amino-terminal domain. Nature 431, 481–485.
Parker, S.D., Wall, J.S., and Hunter, E. (2001). Analysis of Mason-Pfizer
monkey virus Gag particles by scanning transmission electron micros-
copy. J. Virol. 75, 9543–9548.
Rose´, S., Hensley, P., O’Shannessy, D.J., Culp, J., Debouck, C., and
Chaiken, I. (1992). Characterization of HIV-1 p24 self-association using
analytical affinity chromatography. Proteins 13, 112–119.
Sticht, J., Humbert, M., Findlow, S., Bodem, J., Mu¨ller, B., Dietrich, U.,
Werner, J., and Kra¨usslich, H.-G. (2005). A peptide inhibitor of HIV-1
assembly in vitro. Nat. Struct. Mol. Biol. 12, 671–677.
Suloway, C., Pulokas, J., Fellmann, D., Cheng, A., Guerra, F., Quispe,
J., Stagg, S., Potter, C.S., and Carragher, B. (2005). Automated molec-
ular microscopy: the new Leginon system. J. Struct. Biol. 151, 41–60.
Tang, C., Loeliger, E., Kinde, I., Kyere, S., Mayo, K., Barklis, E., Sun, Y.,
Huang, M., and Summers, M.F. (2003). Antiviral inhibition of the HIV-1
capsid protein. J. Mol. Biol. 327, 1013–1020.
Tang, C., Ndassa, Y., and Summers, M.F. (2002). Structure of the
N-terminal 283-residue fragment of the immature HIV-1 Gag polypro-
tein. Nat. Struct. Biol. 9, 537–543.Tang, J., Johnson, J.M., Dryden, K.A., Young, M.J., Zlotnick, A., and
Johnson, J.E. (2006). The role of subunit hinges and molecular
‘‘switches’’ in the control of viral capsid polymorphism. J. Struct.
Biol. 154, 59–67.
Ternois, F., Sticht, J., Duquerroy, S., Kra¨usslich, H.-G., and Rey, F.A.
(2005). The HIV-1 capsid protein C-terminal domain in complex with
a virus assembly inhibitor. Nat. Struct. Mol. Biol. 12, 678–682.
Valpuesta, J.M., Carrascosa, J.L., and Henderson, R. (1994). Analysis
of electron microscope images and electron diffraction patterns of thin
crystals of phi29 connectors in ice. J. Mol. Biol. 240, 281–287.
Vogt, V. (1997). Retroviral Virions and Genomes. In Retroviruses, J.M.
Coffin, S.H. Hughes, and H.E. Varmus, eds. (New York: Cold Spring
Harbor Press), pp. 27–70.
von Schwedler, U.K., Stemmler, T.L., Klishko, V.Y., Li, S., Albertine,
K.H., Davis, D.R., and Sundquist, W.I. (1998). Proteolytic refolding of
the HIV-1 capsid protein amino-terminus facilitates viral core assem-
bly. EMBO J. 17, 1555–1568.
von Schwedler, U.K., Stray, K.M., Garrus, J.E., and Sundquist, W.I.
(2003). Functional surfaces of the human immunodeficiency virus
type 1 capsid protein. J. Virol. 77, 5439–5450.
Welker, R., Hohenberg, H., Tessmer, U., Huckhagel, C., and Kra¨us-
slich, H.-G. (2000). Biochemical and structural analysis of isolated
mature cores of human immunodeficiency virus type 1. J. Virol. 74,
1168–1177.
Worthylake, D.K., Wang, H., Yoo, S., Sundquist, W.I., and Hill, C.P.
(1999). Structures of the HIV-1 capsid protein dimerization domain at
2.6 A˚ resolution. Acta Crystallogr. D Biol. Crystallogr. 55, 85–92.
Wriggers, W., Milligan, R.A., and McCammon, J.A. (1999). Situs: A
package for docking crystal structures into low-resolution maps from
electron microscopy. J. Struct. Biol. 125, 185–195.
Yeager, M., Wilson-Kubalek, E.M., Weiner, S.G., Brown, P.O., and
Rein, A. (1998). Supramolecular organization of immature and mature
murine leukemia virus revealed by electron cryo-microscopy: implica-
tions for retroviral assembly mechanisms. Proc. Natl. Acad. Sci. USA
95, 7299–7304.Cell 131, 70–79, October 5, 2007 ª2007 Elsevier Inc. 79
